Cold cracks in welds are the result of the formation of brittle microstructure as martensite in the presence of diffusible hydrogen as well as of tensile stresses. Cold cracks occur when the combination of cold crack influence parameters (CCIP) overcomes a critical limit. In this study, critical combinations of CCIP were identified with an enhanced test procedure under welding conditions. The test is based on the physical simulation technique of heat affected zone (HAZ) and it is carried out using the test and simulation center Gleeble 3500. Thereby, laboratory special specimens are charged with hydrogen from pure hydrogen atmosphere in the initial stage of the test. Rigidly restraint specimen section is subjected to different weld temperature cycles. Through the thermal exposure, the desired microstructure of HAZ is set in the test zone of the restraint specimen section. A plastic deformation takes place owing to the prevented expansion during heating and contraction of the specimen during cooling. Consequently, compressive or tensile reactions stresses arise in the deformed zone. Cracked specimen represents a critical combination of the CCIP. The quantitative cold crack criterion separates the cold crack susceptible combinations from those non susceptible.
Introduction
Cold cracks arise in areas of a welded joint when the local cold crack influence parameters (CCIP) overcome a critical limit. The cracks occur in the heat affected zone (HAZ) as well as in the fusion zone parallel or transverse to the weld 1) . Residual hydrogen content remains within the base material through its making. The gas shielded welding techniques without filler material, e.g. laser beam welding, inhibit strongly hydrogen adding from surrounding atmosphere but the transformation from residual to diffusible hydrogen and its redistribution within the material during welding could make low initial hydrogen contents risky. E.g. 1 to 2 ppm is sufficient enough to induce cold cracks in high strength steels with more than 1000 MPa of fracture strength 2) . The susceptibility to cold cracks is reinforced through increasing of steel strength owing to its ability to form brittle microstructures in the joint. While cold cracks occur during cooling of welded steels with yield strength of 550 to 900 MPa, they can delay up to 7 days after welding of steels with yield strength of 500 to 550 MPa 3) . The cold cracks are influenced globally by the welded construction, base and filler material,
welding and boundary conditions.
The experimentally determination of local CCIP during and after welding is mostly difficult especially the residual stresses and hydrogen content. Thus, no specific description of the interaction between CCIP can be made to separate the critical combinations from non critical. Practically, the assessment of cold crack susceptibility takes place globally with technological testing methods which can be divided in two categories: the self restraint cold cracking tests and the tests in which an external known load is applied 4) . Some cold crack tests are documented in ISO 17642 part 1-3 as well in DVS-guideline 1006. These tests provide a qualitative evaluation of cold crack susceptibility under the test conditions rather than quantitative one. Using the numerical welding simulation based on the Finite-Element Method, it is possible to calculate the local CCIP at every time of the weld process and for all points of the weld construction 5)6)7) .
But due to the absence of a quantitative cold crack criterion, the numerical simulation of CCIP couldn't provide a substantiated prediction of cold crack susceptibility. Some experimentally investigations using conventionally cold crack tests 8) were done to derive experimentally a quantitative cold crack criterion. Some studies analyzed numerically the one or other technological cold crack test to quantify the critical CCIP in the crack locations 6) 9) .
Such approaches could be sufficient in some cases but due to the specific weld preparation of the test and limited variation of influence parameter, the derived cold crack criterion can't cover most possible combinations of CCIP. That makes the locally determination of CCIP and its interaction indispensable to cover the lack in measurement data.
In this paper a method based on the physical simulation is introduced to find out the critical CCIP independent on the test method. Furthermore, a cold crack criterion of high strength steel was determined. Using this quantitative criterion, the numerically calculated local CCIP of any welding constructions can be predicted regarding the cold crack susceptibility.
Experimental procedure

Experimental set up of physical simulation
Two processes are targeted by the physical simulation of the cold cracking. The CCIP are set in specimens under real welding conditions and the cold crack susceptibility of these specimens is examined. The test reproduces simultaneously the CCIP of the HAZ points using the test and simulation center Gleeble 3500.
Thereby, specimens are subjected to typical weld temperature cycles which represent the thermal history of the HAZ. The developed microstructure in the specimen is related to the temperature cycle parameter: heating rate, peak temperature and cooling time. Before the test, the specimens are charged with hydrogen from pure gaseous hydrogen atmosphere up to various contents to cover all those possible contents which may exist in a HAZ. In addition to materials initial hydrogen content, two charging conditions were considered in this study. Figure 1 presents schematically the test configuration and processes. . The gauge length and specimens notch geometry are chosen in such a way, that the arisen tensile stresses reach a critical value during cooling. The critical stress is the minimum stress which leads to cracking of the specimen under certain conditions. Since cold cracks of high strength steels with yield strength of more than 900 MPa take place predominantly during cooling 3) , the specimen is kept restrained in the test configuration till cracking or six hours after cooling to room temperature. The critical combinations of CCIP are described by the following relation:
Where c is the critical cracking stress, T the crack initiation temperature, dT/dt the heating rate, Tmax the peak temperature, t8/5 the cooling time between 800 °C and 500 °C and H is the 
Material and specimen geometry
The presented method was approved with specimens made of the high strength steel 100Cr6. Its initial microstructure is bainite with a hardness of 720 HV5. Figure 2 shows the specimen geometry. In order to achieve cracking under different stresses at desired temperature, the specimen restraint intensity was varied.
Thus, the specimen dimensions (test zone width and diameter at notch tip ) in addition to the fixed gauge length were varied.
The notch radius was kept constant to R = 0.4 mm. The stress concentration at the notch tip was calculated with aid of Finite Element Method. The calculated stress intensity at notch tip was validated with tensile tests by a notch depth of 0.5 mm. 
Result and discussion
Thermo-mechanical and metallurgical properties
The initial bainitic microstructure of 100Cr6 has a yield strength above 2000 MPa. In this study, cooling times t 8/5 up to 5 s are considered. Consequently, the resulting microstructure after thermal exposure is martensitic with a fraction of retained austenite (about 15 % ± 5% for all peak temperatures). Martensite start temperature depends on the peak temperature and varies between 160 °C and 225°C for peak temperature range between 1200 °C and 950 °C. Fig. 4 illustrates the measured yield strength as a function of peak temperature and t 8/5 . Figure 5 shows exemplary stress-temperature diagrams for two hydrogen contents. To get the actual cracking stress at the notch tip, a stress concentration factor of 2.7 should be involved here, too. to specimen failure and will be further denoted as critical stresses.
Cold crack criterion
The tests with a hydrogen content of 0.7 ppm relate to the non charged specimen. The diagrams confirm that the cold crack susceptibility increases with higher hydrogen contents. Moreover, the material is susceptible to cold cracks under its initial hydrogen content. The relation between critical stresses and peak temperature is nonlinear. Furthermore, the lowest critical stress is obtained by tests with a peak temperature of 1200 °C. Herewith, the martensite start temperature Ms is at lowest and the material has been experienced homogenously austenite phase 12) . The results show that the critical stress is less than yield strength R p0,2 ,
see Fig. 4 . The results show that for certain conditions, higher stresses are required to induce cracks by higher temperatures.
Thereby, critical stresses at 50 °C are higher than those of 22 °C.
The hydrogen analyses of specimen that have been tested under the same weld temperature cycles prove that the initial hydrogen content remains within the metal. This can be explained by the very low time available for effusion and existing of tensile stresses during cooling. The results show that 100Cr6 is already susceptible to cold crack under its initial hydrogen content. Furthermore, they confirm that cracking stress decreases with increasing hydrogen content. Cracking stresses for all considered combinations are less than yield strength. Moreover, the influence of peak temperature on the cold crack susceptibility is non linear.
